Though numerous studies have shown that gene transfer occurs between distantly related bacterial genera under laboratory conditions, the frequency and breadth of horizontal transfer events in nature remain unknown. Previous evidence for natural intergeneric transfers came from studies of genes in human pathogens, bacteria that colonize the same host. We present evidence that natural transfer of a tetracycline resistance gene, tetQ, has occurred between bacterial genera that normally colonize different hosts. A DNA sequence comparative approach was taken to examine the extent of horizontal tetQ dissemination between species of Bacteroides, the predominant genus of the human colonic microflora, and between species of Bacteroides and of the distantly related genus PrevoteUa, a predominant genus of the microflora of the rumens and intestinal tracts of farm animals. Virtually identical tetQ sequences were found in a number of isolate pairs differing in taxonomy and geographic origin, indicating that extensive natural gene transmission has occurred. Among the exchange events indicated by the evidence was the very recent transfer of an allele of tetQ usually found in PrevoteUa spp. to a Bacteroides fragilis strain. (217) 244-2938. Few antibiotic resistance dissemination studies have actually compared the DNA sequences of resistance genes found in different isolates (9). These studies have been done primarily with human clinical isolates and have focused on bacteria such as Escherichia coli and the facultative gram-positive cocci that account for less than 0.1% of the resident microflora. To assess the possibility that relatively recent transfer events may have occurred between the resident microflora of livestock animals and humans, we used tetQ as an indicator gene. tetQ was chosen because it has been found on virtually all Bacteroides conjugative transposons, a family of broad-host-range chromosomal elements, and was also found on the P. ruminicola plasmid pRRI4.
The use of antibiotics as additives in livestock feed has continued to generate controversy about whether this practice increases the incidence of antibiotic resistance genes among human clinical isolates. In a previous paper, we reported that Prevotella ruminicola, one of the numerically predominant groups of bacteria in the rumens and intestinal tracts of livestock animals, could exchange DNA with human colonic Bacteroides species under laboratory conditions (20) . Not only is the genus Bacteroides one of the numerically predominant genera of bacteria in the human colon, species of Bacteroides are also opportunistic human pathogens. We showed that a plasmid, pRRI4, found originally in an isolate of P. ruminicola obtained from a sheep, could be transferred by conjugation to Bacteroides thetaiotaomicron. Similarly, a conjugative transposon, Tcr Emr 12256, found originally in the clinical isolate Bacteroides fragilis 12256, could be transferred from Bacteroides species to P. ruminicola (20) . Demonstrating that two distantly related bacterial genera can exchange DNA under laboratory conditions that have been optimized for conjugal transfer does not prove that such events actually occur in nature. However, the possibility that this type of exchange might have occurred in nature was raised by our finding that the tetracycline resistance (Tcr) gene on Tcr Emr 12256, tetQ, cross-hybridized on Southern blots at high stringency with the tetracycline resistance region of pRRI4.
The problem with the use of Southern hybridization data as an indication of similarity between tetQ genes in different natural isolates is that genes which differ by as much as 15% at the DNA sequence level can cross-hybridize under highstringency conditions. Given an approximate rate of silent nucleotide substitution in bacteria of 1% per million years (13) , the fact that two genes cross-hybridize under conditions of high stringency does not provide sufficiently detailed information to ascertain whether recent gene transfer has occurred.
Few antibiotic resistance dissemination studies have actually compared the DNA sequences of resistance genes found in different isolates (9) . These studies have been done primarily with human clinical isolates and have focused on bacteria such as Escherichia coli and the facultative gram-positive cocci that account for less than 0.1% of the resident microflora. To assess the possibility that relatively recent transfer events may have occurred between the resident microflora of livestock animals and humans, we used tetQ as an indicator gene. tetQ was chosen because it has been found on virtually all Bacteroides conjugative transposons, a family of broad-host-range chromosomal elements, and was also found on the P. ruminicola plasmid pRRI4.
No information has been obtained previously about the distribution of tetQ in ruminal species such as P. ruminicola. It is not easy to obtain isolates of P. ruminicola that are tetracycline resistant, because P. ruminicola is very oxygen sensitive and difficult to cultivate and because most investigators interested in this species have tended to focus on a few wellcharacterized strains rather than isolate new strains from animals. Those who have isolated P. ruminicola from farm animals have rarely tested for tetracycline resistance, because they are more interested in the contribution of ruminal and intestinal anaerobes to feed efficiency than in antibiotic resistance patterns. Nevertheless, we have managed to obtain several isolates of tetracycline-resistant P. ruminicola from widely separated geographical locations. We were also able to obtain a tetracycline-resistant strain of Prevotella intennedia, a species of Prevotella found in the human oral cavity and thought to play a role in periodontal disease. So (7, 12) were aligned with the PCR consensus sequences by using LINEUP. A maximum parsimony tree of the aligned sequences was created by using PAUP (22 1.5 mM MgCl2, 0.1% Triton X-100, 2.0 mM deoxynucleoside triphosphate mixture) and amplified with Taq DNA polymerase. Amplification conditions consisted of an initial denaturation step of 95°C for 5 min followed by addition of the Taq polymerase and then 25 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and extension at 72°C for 2 min. In the case of V479, the annealing step of the cycle had to be lowered to 45°C in order to obtain detectable levels of amplification product. Bands containing desired PCR products were excised from SeaPlaque low-gelling-temperature agarose (FMC BioProducts, Rockland, Maine) gels and melted at 65°C. Aliquots were mixed with SmaI-digested pTZ18U and equilibrated to 37°C, and T4 DNA ligase with reaction buffer was added. The ligation reaction was allowed to proceed at 25°C for 16 h, after which the mixture was transformed into E. coli (4) . In later experiments, the TA Cloning protocol was used as specified by the manufacturer (Invitrogen) to construct PCR product clone banks.
Nucleotide sequence accession number. The tetracycline resistance region of pRRI4 has been sequenced and assigned GenBank accession number L33696. RESULTS Comparison of tetQ regions on pRRI4, Tcr Emr DOT, and B. fragilis 1126. In order to determine the degree of similarity in the tetracycline resistance region on pRRI4 and one of the Bacteroides conjugative transposons, Tcr Emr DOT, we sequenced the tetracycline resistance region of pRRI4 and compared it with the sequence of the tetracycline resistance region of Tcr Emr DOT (12) . The sequences of the two regions were nearly identical in a region that extended from 533 bp upstream of the start codon of the tetracycline resistance gene, tetQ, to 143 bp downstream of its stop codon (Fig. 1) . In this 2.65-kbp region of virtual identity, only 66 (2.5%) nucleotide differences were found. All but two of these differences were nucleotide substitutions. The two exceptions were length variations of 1 and 11 bp upstream of the start of tetQ (Fig. 1) . The sequences of the two tetQ open reading frames were 97% identical. Within the tetQ open reading frame (1,926 bp), there were 52 nucleotide differences (2.7% difference) resulting in 21 differences in the deduced amino acid sequences. Of the 21 amino acid differences, 11 were conservative differences; the amino acids found at the same position in the deduced sequence had chemically similar R groups. Silent or synonymous differences accounted for 31 of the 52 nucleotide differences in the open reading frames, or about 60%.
By comparing the sequences of tetQ from pRRI4 and Tcr Emr DOT (Fig. 1) , we observed that a 407-bp segment near the middle of the tetQ coding region contained a cluster of 20 nucleotide differences in the two sequences and was flanked by conserved stretches. Thus, the percent sequence difference in this region was Vertical bars mark nucleotide differences between the sequences. All of these indicate single nucleotide substitutions, except the leftmost bar, which shows the location of an additional T residue in the pRRI4 sequence, and a bar marking the location of an 11-bp duplication in pRRI4 (indicated by an arrowhead). Outside the regions indicated by solid lines, the sequences of the elements were dissimilar. An internal 460-bp region, which contained a cluster of nucleotide differences, was chosen for sequence comparison of tetracycline-resistant isolates of P. ruminicola and Bacteroides species. The positions of PCR primers used to amplify this region, PCR1 and PCR2, are indicated by horizontal arrows beneath the ends of this region.
species of Bacteroides and Prevotella. While this work was under way, a new sequence of tetQ from B. fragilis 1126 appeared in the database (7). This sequence had 49 differences when compared with the DOT tetQ sequence and 51 differences when compared with the pRRI4 sequence, 2.7 and 2.8% difference, respectively (Fig. 1) . The 407-bp internal segment of the strain 1126 sequence had 19 differences when compared with the DOT internal region and 16 differences when compared with the pRRI4 internal region (4.0 and 4.8%, respectively).
Comparison of a tetQ internal region among natural isolates. We obtained three additional tetracycline-resistant isolates of P. ruminicola. DNA from these isolates, JSP3, 2063, and 2078, cross-hybridized on Southern blots with a probe containing tetQ, indicating that these isolates carried tetracycline resistance determinants in the Tet Q class. In all three strains, the cross-hybridizing DNA appeared to be chromosomal rather than plasmid encoded. We also included a tetracycline-resistant isolate of human oral species of Prevotella, P. intermedia ISS-B128, in our analysis. We used the PCR-based approach to compare the hypervariable internal region of tetQ from the different Prevotella isolates. Little information was available about the extent of DNA sequence variation among tetQ genes in human colonic Bacteroides strains. Accordingly, the sequences of the tetQ internal region from five other Bacteroides isolates were also obtained. Most of the Bacteroides and Prevotella species were isolated in different geographical locations. An alignment of the PCR product consensus sequences for the 407-bp internal segment is shown in Fig. 2 .
DNA sequence analysis. Of the 407 nucleotide positions that were examined, 59 positions were variable across the collective sequences analyzed. Of these 59 positions, 33 varied in only one of the sequences. The V479 sequence possessed 26 of these 33 unique variations. The nucleotide differences at the 59 variable positions can be categorized in three groups: nonconservative, conservative, and synonymous substitutions. At 16 of the positions, nucleotide differences resulted in a nonconservative difference in the deduced amino acid at that codon (a nonconservative substitution). At 13 positions, the differences resulted in conservative amino acid differences (conservative substitutions). At the remaining 30 (51%) varied positions, the nucleotide difference did not affect the deduced amino acid for that codon (synonymous substitutions). If the V479 sequence was excluded from the analysis, of 33 varied positions, 9 had nonconservative substitutions, 5 had conservative substitutions, and 19 (58%) had synonymous substitutions. Though the V479 sequence was the most varied and therefore the obvious outlying sequence in the group, it still demonstrated a high percentage of both silent and conservative substitutions. There appears to be a selection for amino acid sequence conservation in this group of genes.
The relatedness of the sequences analyzed is illustrated in the maximum parsimony trees shown in Fig. 3 
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FIG. 2.
Comparison of internal sequences of tetQ from tetracycline-resistant isolates of Bacteroides (B) and Prevotella (P) spp. The DNA sequence of Tcr Emr DOT (12) is the standard for comparison. Only nucleotide differences are shown. A dot indicates that the sequence was identical to the DOT sequence at that position. Nucleotide differences which were synonymous (unmarked) or which resulted in conservative (=) or nonconservative (*) amino acid changes are indicated. Internal ends of the PCR primers are indicated by vertical bars.
DISCUSSION
Though the tetQ sequences on pRRI4 and strain Tcr Emr DOT were similar enough to suggest that horizontal transfer of tetQ had occurred at some point, their divergence (2.8% nucleotide difference) indicated that the transfer event could have occurred millions of years previously. Roughly two-thirds of the nucleotide differences between the two tetQ sequences were synonymous, while 75% of completely random nucleotide changes would result in amino acid changes. The proportion of silent changes was also seen when the 1126 tetQ sequence was compared with that of either pRRI4 or DOT (51 and 59% of the total differences, respectively). Thus, there appeared to be a selection for a particular amino acid sequence, and it could be argued that convergent evolution might have given rise to the similarity of the tetQ genes on Tcr Emr DOT and pRRI4. Comparable similarity was found among the tetQ internal sequences of the human clinical strains and animal strains included in the survey. Though there appeared to be selective pressure to maintain the tetQ-encoded amino acid sequence, a number of variants of the gene have emerged. However, the high level of nucleotide conservation that was evident in the tetQ internal sequences is unlikely to have arisen from convergent evolution. Amino acid sequence similarity would be the expected product of convergent evolution, not high levels of nucleotide conservation. This divergent evolutionary trend is also supported by the emerging phylogenetic pattern of the The data also supply evidence for a very recent tetQ transfer between species of Prevotella and Bacteroides. The 100% nucleotide sequence identity found in P. intermedia ISS-B128 and B. fragilis 1126 serves as evidence for recent intergeneric transfer of a tetQ variant between bacteria that colonize the human oral cavity and bacteria that are part of the resident colonic flora. This transfer is of interest not only because it occurred very recently and between different genera but also because it provides a recent link in tetQ exchange between Prevotella species from animals and Bacteroides species from humans. The particular variant of tetQ that was transferred in this instance falls into the cluster of Prevotella tetQ sequences (Fig. 3) . Thus, the direction of transfer in this case is likely to have been from Prevotella to Bacteroides. A few different schemes can explain the arrangement of tetQ variants within these isolates: (i) The JSP3 variant was transferred to the human oral Prevotella species, accumulated nucleotide changes to become the ISS-B128/1126 variant, and was then transferred to colonic Bacteroides species; (ii) the ISS-B128/1126 variant arose in an animal Prevotella strain either as a decedent of the JSP3 variant or as a close relative derived from a common ancestor and was then transferred to the oral Prevotella and the colonic Bacteroides strains, either directly or successively; or (iii) the ISS-B128/1126 variant arose in an animal Prevotella strain as described above, was carried into the oral cavity by a es shown in an colonizing Prevotella strain, and was then transferred to a ,ing PAUP softcolonic Bacteroides strain. Any of these schemes is consistent ,ithout branches with the data, but the net result is the same: the horizontal ranching at the transmission of a gene has occurred between members of the ap (2) 
